Objective: To provide a hazard prioritisation for reported chemical constituents of cigarette smoke using toxicological risk assessment principles and assumptions. The purpose is to inform prevention efforts using harm reduction. Data sources: International Agency for Research on Cancer Monographs; California and US Environmental Protection Agency cancer potency factors (CPFs) and reference exposure levels; scientific journals and government reports from the USA, Canada, and New Zealand. Study selection: This was an inclusive review of studies reporting yields of cigarette smoke constituents using standard ISO methods. Data extraction: Where possible, the midpoint of reported ranges of yields was used. Data synthesis: Data on 158 compounds in cigarette smoke were found. Of these, 45 were known or suspected human carcinogens. Cancer potency factors were available for 40 of these compounds and reference exposure levels (RELs) for non-cancer effects were found for 17. A cancer risk index (CRI) was calculated by multiplying yield levels with CPFs. A non-cancer risk index (NCRI) was calculated by dividing yield levels with RELs. Gas phase constituents dominate both CRI and NCRI for cigarette smoke. The contribution of 1,3-butadiene (BDE) to CRI was more than twice that of the next highest contributing carcinogen (acrylonitrile) using potencies from the State of California EPA. Using those potencies from the USEPA, BDE ranked third behind arsenic and acetaldehyde. A comparison of CRI estimates with estimates of smoking related cancer deaths in the USA showed that the CRI underestimates the observed cancer rates by about fivefold using ISO yields in the exposure estimate. Conclusions: The application of toxicological risk assessment methods to cigarette smoke provides a plausible and objective framework for the prioritisation of carcinogens and other toxicant hazards in cigarette smoke. However, this framework does not enable the prediction of actual cancer risk for a number of reasons that are discussed. Further, the lack of toxicology data on cardiovascular end points for specific chemicals makes the use of this framework less useful for cardiovascular toxicity. The bases for these priorities need to be constantly re-evaluated as new toxicology information emerges.
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All of the necessary components of the risk assessment framework-hazard identification, hazard characterisation, exposure assessment, and risk characterisation-can be used to address cigarette smoke constituents. While there remain legitimate concerns about the relation between smoking machine ''yield'' and actual human uptake in absolute terms, the relative concentrations of toxicants within a set of tobacco products can still be compared.
Newly emerging tobacco products, notably products that claim to heat, rather than burn, tobacco come with claims of reduced toxicant yields and reduced harmfulness as they are test marketed internationally. 2 At the same time, governments are starting to require smoke constituents to be analysed and reported. 3 In light of these developments, it is important to develop toxicological risk assessment methods that can help evaluate the public health significance of the product modifications and any analytical results that are generated.
It is unlikely that a ''safe cigarette'' could ever be developed, as combustion products in smoke are inherently potentially harmful. Nevertheless, it may be possible to reduce some of the toxic potency of cigarettes if the most significant causative agents of disease can be identified and reduced or eliminated. However, it is important that such a strategy does not give the public the false impression that cigarette smoking has become a safe practice. Such a perception could counteract any public health gains made by the reduction of the toxicity of tobacco smoke.
Ideally, policies to do with prevention of smoking would concentrate on preventing people from starting to smoke or assisting them to stop smoking entirely. However, such policies have been only partially successful, with the worldwide number of smoking related deaths at around 4 million annually and climbing. 1 This paper presents a review of the chemical constituents found in cigarette smoke, and provides an analysis of the relative contribution each constituent would be expected to make to health risks, based on published hazard and constituent content values.
METHODS

Constituents of smoke
A comprehensive search, using the internet and bibliographic databases, was carried out for published papers and reports dealing with the constituents of tobacco smoke and assessments of their toxic hazards.
Reported levels of chemicals in cigarette smoke were taken from all available published sources, without discrimination as to publishing author affiliation. No single information source of chemicals in cigarette smoke was found, and so it was necessary to piece together information on chemicals and yields from a variety of published sources. Although many more chemicals than what are presented in this paper exist in cigarette smoke, the chemicals listed are those that have been quantified and reported with toxicological potency estimates in the literature.
The identified chemicals were examined for the evidence of their influence on the toxicity of cigarette smoke. A process of prioritisation (ranking) of these chemical hazards was applied. This process involved ranking the identified chemicals in terms of their so called comparative risk indices. The comparative risk ranking was based on published analytical results for mainstream cigarette smoke combined with published toxicological potency information for cancer and non-cancer health effects.
We have assumed, for the sake of the current analysis, that the most significant toxicants in cigarette smoke are those that have been identified and studied toxicologically. For yield estimates per cigarette, reports using standard smoking machine conditions and International Organization for Standardization (ISO) methods were taken in preference to those focusing on ''intense'' smoking conditions simply in order to promote consistency when comparing relative yields of specific chemicals between studies. In the exposure estimates, no additional contribution to mainstream smoke exposure from sidestream smoke was included. These assumptions are likely to result in an underestimate of the absolute level of exposure and associated risk to the smoker from each constituent.
Cancer potency factors
Published cancer potency factors (CPFs) from the state of California's Proposition 65 list of chemicals ''Known to the state to cause cancer'' were used to define the dose-response relation for suspected or known carcinogens in cigarette smoke. For comparison, we included the US Environmental Protection Agency (EPA) inhalation cancer potency factors, although there were only 17 of these available with relevance to tobacco smoke, compared with California's 40. CPFs were not available for all carcinogenic compounds. Also, CPFs were only used here for compounds with known or potential genotoxic activity, which effectively excludes any possible contribution from chlorinated dioxins and furans. Compounds with unknown tumour initiating mechanisms (for example, acetamide 4 ) were included in the overall cancer hazard ranking. Cancer potency estimates were usually derived from one or more animal studies using a linearised multistage model with 95% confidence intervals on the slope term. We used the ''unit risk'' form of these CPFs as (mg/ m 3 ) 21 to allow for inhalation exposures. These CPFs have been developed and approved by risk assessment experts at the California Environmental Protection Agency (Cal/EPA) as part of the state's Proposition 65 program. 5 Many of these factors are the same as those found in the US Environmental Protection Agency (USEPA) Integrated Risk Information System. 6 A similar approach has been reported by the state of Massachusetts, 7 and for the New Zealand Ministry of Health. Dioxins Dioxins, as they relate to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) equivalents, are in the International Agency for Research on Cancer's (IARC) group 1 as known human carcinogens. However, the toxicity of dioxin is receptor mediated, it is not genotoxic, and there is likely a threshold below which individual exposures would not be expected to cause elevated risk of cancer. Therefore, while the TCDD cancer unit risk is shown in table 1, it is not factored into the overall cancer hazard scheme. Acceptable/tolerable daily intakes (reference levels) have also been developed for TCDD. 9 For these reasons, dioxins were not included in the quantitative CRI calculations despite their reported occurrence in cigarette smoke. 10 
Non-cancer risk indices
For the prioritisation of constituents with known non-cancer health effects, a non-cancer risk index (NCRI) was derived based on target organ toxicity. NCRIs for cardiovascular and respiratory health effects from mainstream smoke were generated. The NCRI for mainstream smoke was calculated using publicly available reference exposure levels (RELs) with respective target organs listed by the USEPA or Cal/EPA. 5 10 These are also listed in table 1. A standard 20 m 3 /day breathing rate default value was used for estimating exposures and converting RELs into units of mg/person/day in the case of smokers.
Reference exposure levels REL from the USEPA or Cal/EPA for chronic, organ specific effects were used. 5 11 These RELs can be viewed as practical threshold levels below which one would not expect to measure any adverse effects with chronic exposure. The probability of disease is a function of the degree of exposure above the threshold value, but any exposure above the threshold may represent some level of increased health risk above background. The RELs contain margins of safety ranging from a factor of 1 to a factor of 1000, depending on the data used as the basis for the toxicological effect. These uncertainty factors are used to provide a margin of safety to account for variability in human response or uncertainties in extrapolation from controlled experimental animal studies to what is actually experienced by the general public. These RELs have been used to calculate a hazard index for each chemical, relative to its measured concentrations in mainstream smoke.
Overall non-cancer risk indices
The underlying assumption behind the NCRI approach is that the toxicity of each individual chemical in a given mixture is additive with other chemicals that affect the same target tissue or organ system. All NCRIs assume there is a threshold exposure below which adverse effects are not expected to occur. The necessary components of an NCRI calculation are: a measured or estimated exposure to the chemical, and a health hazard benchmark concentration or reference dose for comparison (the REL). The REL is taken from the most sensitive effect reported in the toxicological or epidemiological literature combined with an appropriate uncertainty factor. The value used for comparison carries a specification as to the target organ or system for a given toxic effect. A chemical often has more than one target organ, in which case, to be health protective, the REL for the most sensitive effect is also applied to the other target organs.
The overall NCRI was calculated as follows: Overall NCRI = E 1 /REL 1 + E 2 /REL 2 + … E n /REL n where E = a measured or estimated exposure to a chemical, and REL is the chemical's reference exposure level for a given target organ effect. An NCRI . 1 implies that the threshold for toxic effects on the target organ has been exceeded. The NCRI calculations for mainstream smoke are based on the reported yields of a single cigarette. Clearly, most smokers consume more than a single cigarette per day. However, the purpose in this analysis is to provide a comparative ranking of exposure to tobacco smoke constituents, rather than an assessment of actual risk. Therefore, we did not attempt to take into account the number of cigarettes smoked, or how they might be smoked, and provide an absolute measure of risk for a given smoker. For the purposes of this report, the NCRI values provide a basis for prioritisation of non-cancer adverse health effect concerns about known chemicals in cigarette smoke. 21 were available for 40 of the 45 chemicals. Of those known or suspected carcinogens not having an available CPF, NNK appeared to be the most prominent in terms of exposure and suspected potency. Since a CPF did not exist for NNK, the published CPF for NNN was used as a surrogate for NNK.
RESULTS
Chemicals found in cigarette smoke
An additional 17 chemicals had non-cancer reference exposure levels for threshold type effects.
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Ranking individual cancer hazards Table 2 lists the results of CRI calculations for mainstream smoke. The constituent showing the highest relative contribution to CRI is 1,3-butadiene (BDE) using Cal/EPA CPFs and arsenic using USEPA CPFs. Using the Cal/EPA scheme, which contained 40 potencies as compared with 17 from the USEPA, the contribution to the overall cancer risk from BDE in mainstream smoke was more than twofold greater than that of the next highest carcinogen.
CRIs, calculated using Cal/EPA or USEPA potency factors, were summed for various classes of compounds, and for the Cal/EPA are as follows (in decreasing order): aldehydes and other small volatile organic combustion products combined for 70% (including benzene), metals (cadmium, arsenic, beryllium and lead) 18%, nitrosamines 10%, and PAHs 1%. The remaining constituents combined for less than 2% of the CRIs (fig 1) .
The chemical with by far the greatest impact on the CRI calculation if Cal/EPA potencies are used, is BDE, with more than twice the cancer risk contribution of the next highest chemical (acrylonitrile). Using the USEPA potencies, BDE still contributes strongly, but is third behind arsenic and acetaldehyde. Using the USEPA cancer potencies (fig 2) , the contributions to overall CRI are as follows: aldehydes and other small organic combustion products combined for 54% (including benzene), metals (cadmium, arsenic, chromium, Note-sidestream smoke cancers among non-smokers are not factored in, so this is an overestimate of the true cancer rates not attributable to cigarettes.
The excess cancer risk from smoking is therefore estimated at: 0.178 -0.0986 = 0.079 or 7.9 6 10 22 . This value, from observed mortality statistics, is 4.9 times greater than that predicted by summing individual contributions to cancer risk of chemicals in smoke using CRIs. It is evident, therefore, that the crude approach of combining potencies with ISO smoking machine yields underestimates the actual cancer burden.
Non-cancer effects
The NCRIs rely on available RELs, but there were comparatively few RELs for non-cancer effects developed by the USEPA or Cal/EPA. In contrast to the cancer potencies, the non-cancer reference doses and reference exposure levels from the two agencies are very similar, differing only for benzene (60 mg/m 3 v 30 mg/m 3 ), and arsenic (USEPA has no value currently). Table 1 provides RELs for only 28 out of 158 chemicals in smoke (18%). Some prominent chemicals are absent from the list of chemicals contributing to these risk areas, including nicotine's potential influence on cardiovascular disease and reproductive toxicity. The biological bases for these effects from nicotine have been described, 22 but a practical threshold value is not available. The true magnitude of non-cancer risks are also underestimated here, due to gaps in dose-response information for chemicals (for example, nicotine) and corresponding definitive threshold values from authoritative sources. Table 3 shows that the greatest contributors to respiratory irritation are aldehydes and small organic compounds resulting from combustion of organic material. Acrolein and acetaldehyde greatly outweigh the remaining compounds in regard to the contribution to respiratory irritation. The respiratory irritant effects of the compounds in table 3 are well studied and have a considerable amount of human Toxicological risk assessment of cigarette smokedata available. In contrast, the contributors to cardiovascular toxicity, with the exception of carbon monoxide, are less well studied and the mechanisms involved may not be additive. Carbon monoxide is widely thought to be the major contributor to cardiovascular disease from smoking, yet the indices in this analysis show that exposure to hydrogen cyanide, arsenic, and cresols may actually pose a greater cardiovascular risk. As shown in the bold type values in table 3, the individual risk indices of hydrogen cyanide and arsenic, related to the cardiovascular system, appear to be significant with just one cigarette per day.
DISCUSSION
This paper presents a list of 158 known chemicals in cigarette smoke, along with yields and estimates of cancer and noncancer risk indices. It is recognised that these indices are not directly related to the risks the smoker experiences, since there is not a direct correlation between yields measured by the ISO method and actual human exposure. 22 The methodology employed in this framework is based on that used to estimate cancer risks to communities living near chemical facilities in California and other States. However, it should be noted that this method has not been validated for cigarette smoke, and risk assessment generally is rarely capable of being validated through long term epidemiology studies. Nevertheless, we believe that the basic concept of hazard being a product of concentration and potency would apply to cigarette smoke as with any pollution source.
The list should be viewed as a subset of all possible chemicals found in the complex mixture of cigarette smoke; however, a large majority of chemicals with toxicological data are thought to be included. The current analysis is intended to provide a basis for discussion of the relative toxicological hazards posed by individual chemical constituents for cigarette smokers.
The summed crude estimates for cancer risk indices suggest risk levels that are about fivefold below those derived from the observed cancer incidence attributable to smoking in the USA. A possible explanation for this discrepancy includes the use of ISO yield data as opposed to more realistic estimates of actual delivery (That is, ''intense'' smoking yields). Studies have found that this difference can span several-fold. 3 Another source of underestimation of carcinogenicity is the lack of cancer potency factors for all possible human carcinogens (that is, some of the nitrosamines lack potency values). We have also assumed for the purposes of this study that the potency for NNK, a well known tobacco specific nitrosamine, is equivalent to that of another tobacco specific nitrosamine, NNN. If NNK is much more potent than NNN, we will have biased our risk estimates downward. We also did not quantitatively factor into the CRI the contribution made by free radicals, which can cause DNA damage. Lastly, it is likely that cigarette smoke, containing a number of tumour initiating and tumour promoting agents may provide a favourable environment for tumour promotion (e.g. synergistic interactions), thereby increasing the overall cancer potency from what would be estimated from the sum of all components treated separately. The combination of these factors provides a plausible explanation for the difference between risk estimates and observed rates of cancer. Therefore, this analysis shows that the risk assessment approach has value for assessing the relative contributions to cancer risk, but obvious limitations in estimating the absolute magnitude of that risk.
While we attempted to use a representative yield rating by selecting a midpoint of a range of values, it is possible that this results in an under-or overestimation of the true delivery. Ideally, sales weighted yields from various brands would be used, and ''intense'' smoking conditions compared with standard ISO conditions. This type of information was not available at the time of this review, but could be done in future analyses.
The vast mixture of different chemicals in cigarette smoke can affect almost every organ system in the body, given sufficient duration of exposure. This is clearly illustrated by the considerable cancer and non-cancer risk values obtained even from exposure to a single cigarette per day.
The cancer and non-cancer risk indices presented are not intended to be benchmarks of absolute risk, but rather to be illustrative of the relation between the different smoke constituents and chemical classes in terms of priorities for cancer and non-cancer risk. A much more exhaustive examination of these issues would be necessary to reach definitive conclusions about the true contribution of each chemical component. This would need to include close scrutiny of the degree of confidence in each of the CPF and REL values, as well as confirmations using epidemiological evidence utilising the best approximations of real delivered doses. The limitations of this approach have been previously recognised. 23 Despite the limitations and assumptions surrounding the use of CPFs, we believe they are a useful tool for such an analysis. The use of CPF values provides risk estimates that are of the same order of magnitude to the observed mortality statistics, and it is suggested that these values, though largely derived from animal studies, provide a reasonable basis for toxic constituent prioritisation for carcinogens.
Considering the uncertainties involved in summing the results of laboratory animal studies together for such a complex mixture (45 carcinogens with 40 cancer potency factors), the two analyses presented are in relatively close agreement, lending support for the risk index methods involved. As already indicated, the risks in this review are likely underestimates as they do not represent real exposures during smoking, but only the yields generated under standard smoking machine conditions.
Among the constituents presenting a known or suspected cancer hazard, exposure to BDE appears to present the greatest cancer risk. However, BDE is not a group 1 IARC carcinogen, and it is possible that the potency factor calculated for BDE by the Cal/EPA, which is based on lung tumours in mice, assumes a relation to human cancer risk that is inappropriate. For example, recent studies indicate that the metabolic pathway of BDE leading to genotoxic products is considerably less prominent in humans than in rats. 24 However, the CPF for BDE has recently been reviewed by Cal/EPA 25 with the result a lowering of the potency factor from 3.4 (mg/kg/day) 21 to 0.6 (mg/kg/day) 21 . Therefore the CPF for BDE is based on the best current scientific assessment. On the other hand, even if it were determined that the CPF for BDE is overly conservative and should be reduced by, for example, an order of magnitude, BDE would still be a major carcinogen in cigarette smoke. The contributions of volatile organic compounds to overall cancer risk index are dominant even in the absence of BDE. Clearly, if a harm reduction effort for cigarette smoke were to be initiated, a focus should be on the reduction of volatile organic compounds. As these compounds are not normally included in the estimate of ''tar'', which is total particulate matter minus nicotine, the use of tar as a surrogate for carcinogenicity of cigarette smoke may be inappropriate. This would be particularly true if some modification to cigarettes increased the BDE concentration while leaving other constituents unchanged. Some important chemicals in the gaseous phase of tobacco smoke, such as benzene, are correlated with the amount of tar. 15 The estimated contribution to cancer risk from nitrosamines is smaller than that for aldehydes and small organics, but is not negligible. There are four tobacco specific nitrosamines (TSNAs) that are reported in the literature: Nnitrosoanabasine (NAB), N-nitrosoanabatine (NAT), NNK, and NNN. 26 Of these, NNK and NNN appear to have the greatest mutagenic potential. NNK and NNN have been shown to cause DNA adducts associated with tumours in rodents and are classified as probable human carcinogens by IARC. 12 27 Insufficient data currently exist to classify NAB and NAT with respect to human carcinogenicity and these two compounds are therefore not quantitatively factored into the hazard ranking approach. However, regulatory agencies, including the USFDA and USEPA, consider nitrosamines of any kind to be potential mutagens and cancer hazards just by virtue of their chemical structure (http://www.fda.gov/cvm/ fda/TOCs/G3pt3g.html). Nitrosamine formation is promoted by high levels of nitrate and nitrite. Tobacco nitrate levels have been reported to be correlated with the formation of several volatile nitrosamines, in addition to NAB and NAT, whereas the concentrations of NNK and NNN do not seem to be affected. 28 This shows that the level of nitrosamines in cigarette smoke is a function of both existing levels of some types of TSNAs in tobacco (that is, NNK and NNN), and those nitrosamines that are products of chemical reactions during combustion in the presence of nitrate (NAB and NAT).
Volatile products of combustion also figure prominently in the potential risk to the cardiovascular system, with carbon monoxide and hydrogen cyanide as highly significant contributors to the NCRI.
Major target organ systems in which non-cancer effects of smoking occur include the respiratory system, cardiovascular system, reproductive system, the eyes, and the nervous system. The current analysis shows that even a single cigarette per day provides exposures to a smoker that would be expected to exceed hazard indices for respiratory and cardiovascular effects. Fetal development, including birth weight, can also be affected but was not specifically examined in this analysis.
The respiratory irritation NCRI of cigarette smoke appears to be driven by acrolein, acetaldehyde, and formaldehyde. A substantial amount of human exposure data have been factored into the RELs for these compounds, and so the degree of uncertainty about the RELs is minimal. It is implicit, but not firmly established, that exposure to atmospheres that exceed the RELs for chronic respiratory irritation and inflammation has a direct relation to chronic respiratory disease (asthma, or other chronic lung diseases, including emphysema).
The NCRI estimates for cardiovascular toxicity rely more heavily upon extrapolations from primate and other lab animal data, and the compounds involved have a variety of toxicological mechanisms that may not be additive. Therefore these calculations involve a greater degree of uncertainty. However, regardless of the issue of additivity of mechanisms, hydrogen cyanide and arsenic exposures alone after only a single cigarette over a chronic period are expected to result in potential cardiovascular toxicity. The NCRI approach unfortunately does not allow for an estimation to be made of the number of individuals likely to develop heart disease. It should be emphasised that considerably greater amount of information exists on dose-response relations of carcinogens and respiratory toxicants than with cardiovascular toxicants, and this is related to the degree of confidence one has in the three types of hazard ranking.
That cigarette smoking causes respiratory and cardiovascular disease requires no further proof, and while this analysis may initially seem as though it is proving the obvious, it is instructive to observe the relative breakdown of contributions to these known adverse health effects on a chemical by chemical basis.
Estimates of yield for intense or compensatory smoking are often 223 fold higher than the values for normal smoking. 29 This fact could contribute to the underestimate of observed cancer rates using the current analysis. While factoring this increased exposure into the risk estimates would increase the estimated risks and arguably be more representative of the real exposures and risks, the relative contribution to risk from each chemical constituent is unlikely to be changed.
Although benzo(a)pyrene and other carcinogenic PAHs are widely cited as important carcinogens in cigarette smoke, this analysis surprisingly showed that the potential risks from these compounds were low in comparison to many other compounds in smoke. Even if the CRIs from all the PAHs suspected to be human carcinogens were combined in mainstream smoke, the risk index would give a ranking that is still lower than the 16th highest ranked compound, NDEA. Therefore it appears that PAH's may be receiving a greater level of attention than they actually deserve in relation to the other chemical constituents in tobacco smoke.
In conclusion, the toxicological risk index assessment framework provides a scientific basis for ranking chemical hazards in cigarette smoke, and prioritising these compounds in terms of their contribution to toxicity of cigarette smoke. While we find this approach useful for ranking individual chemical compounds within the smokestream, it should be noted that a reduction in one or even all of these components does not necessarily equate to a reduction in risk, since this would depend on how the cigarette was smoked. While pursuit of a ''harm reduction'' aspect to tobacco control policy is controversial, it is vital that any measures taken to target and reduce specific compounds in cigarette smoke be based on objective, scientific analyses. We would encourage the use of these methods in ranking hazardous compounds in cigarette smoke, and to encourage the further development of RELs and CPFs for many of the remaining chemicals in cigarette smoke that have gone thus far uncharacterised in terms of their quantitative contributions to illnesses from smoking. 
What this paper adds
It has been known for some time that cigarette smoke contains a vastly diverse mixture of chemicals that have carcinogenic and other toxic properties. However, there has been no systematic analysis of these compounds with an aim to condense them into one risk assessment framework to prioritise harmful chemical constituents.
This paper provides a risk assessment framework for cigarette smoke constituents. We have grouped together all of the reported known or suspected carcinogens and other toxicants with published potency values in order to prioritise those that contribute most to cancer, as well as cardiovascular and respiratory disease.
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